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Abstract
The Pauli Exclusion Principle (PEP) was introduced by the austrian physicist Wolf-
gang Pauli in 1925. Since then, several experiments have checked its validity. From
2006 until 2010, the VIP (VIolation of the Pauli Principle) experiment took data at the
LNGS underground laboratory to test the PEP. This experiment looked for electronic
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2p to 1s transitions in copper, where 2 electrons are in the 1s state before the transition
happens. These transitions violate the PEP. The lack of detection of X-ray photons
coming from these transitions resulted in a preliminary upper limit for the violation of
the PEP of 4.7×10−29. Currently, the successor experiment VIP2 is under preparation.
The main improvements are, on one side, the use of Silicon Drift Detectors (SDDs) as
X-ray photon detectors. On the other side an active shielding is implemented, which
consists of plastic scintillator bars read by Silicon Photomultipliers (SiPMs). The em-
ployment of these detectors will improve the upper limit for the violation of the PEP
by around 2 orders of magnitude.
1 Introduction
To the best of our knowledge, there are 2 spin-separated classes of particles: fermions with
half-integer spin and bosons with integer spin. The Pauli Exclusion Principle is only valid
for fermions. It states that two fermions can not be in the same quantum state [1]. It is a
fundamental principle in physics, especially were many-fermion systems are concerned. Also,
an intuitive explanation is still missing [2]. For these reasons, a thorough test of the PEP is
necessary.
In the past, a few experiments have tested the PEP. Some of them put stringent limits
to the probability of the violation of the Pauli Exclusion Principle in fermionic systems, for
example the experiment by the DAMA collaboration [3]. But some of these experiments,
like the one DAMA conducted, investigated transitions of stable systems from a non-Pauli
violating state to a Pauli violating state. These transitions violate the Messiah-Greenberg
superselection rule [4], which forbids the change of the symmetry state of a stable system.
To bypass this rule, the VIP experiment introduces “new” electrons in the system by the
means of an electric current.
2 Experimental Method
In the VIP2 experiment, “new” electrons are introduced into a copper target, which consists
of 2 strips with 25 µm thickness having around 6 cm length, by an electric current of 100
A. These electrons have a certain probability to interact with and be captured by copper
atoms. In the course of this interaction, the electrons might form a new symmetry state with
the electrons of the atom. This process is the reason why the VIP2 experiment does not
violate the Messiah-Greenberg superselection rule, because the current electrons are “new”
to the electrons in the atom, i.e. they have no predefined symmetry state. With a certain
probability which should be determined by the experiment, the newly formed symmetry state
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has a symmetric component and the electron can undergo transitions like that on the right
side of figure 1 during its cascading process. This transition violates the PEP, as there are
n = 2
n = 1
n = 2
n = 1
Figure 1: Normal 2p to 1s transition with an energy of around 8 keV for Copper (left) and
Pauli-violating 2p to 1s transition with a transition energy of around 7,7 keV in Copper
(right).
2 electrons in the same state before and after it occurs. One important thing to note is that
the non-Paulian transition has about 300 eV lower energy with respect to the allowed one.
The energy of the X-rays which are emitted during the cascading process are recorded by
Silicon Drift Detectors (SDDs), which are mounted close to the copper target. The recorded
spectrum is then analyzed looking for an excess of counts over the background in the energy
range of the forbidden transition, which is around 7,7 keV. The excess of counts or the lack
of it will either discover a violation of the PEP or else determine a new upper bound for its
violation. A schematic view of the setup is shown in figure 2.
The predecessor experiment VIP took data from 2006 to 2010 with the same measurement
principle, but with Charge Coupled Devices (CCDs) as X-ray detectors. The data analysis
resulted in a preliminary upper limit for the violation of the PEP of 4.7×10−29 [5, 6]. During
the currently ongoing preparation of the VIP2 experiment at the laboratory of the Stefan
Meyer Institute (SMI) in Vienna, two important upgrades regarding the detector systems
were conducted. On the one hand, the CCDs were replaced by Silicon Drift Detectors, which
have a superior energy resolution and offer timing capability. On the other hand, an active
shielding system was implemented, to reduce the background in the energy region of the
forbidden transition. These systems will have an important contribution to improve the
limit for the violation of the PEP by two orders of magnitude with new data which will
come from the VIP2 experiment [7]. The performance of these detectors is presented below.
3 The Detectors of VIP2
It is of paramount importance for an experiment with a low expected rate of interesting
events such as VIP2 to carefully measure and select events. For the selection of events, an
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Figure 2: Schemtatic view of the VIP2 setup with the copper target and the SDDs in the
center and the scintillators for active shielding around them.
active shielding system is implemented in the VIP2 setup. For the recording of the energy
of the photons, Silicon Drift Detectors are used. These two detector systems are described
in what follows in more detail.
3.1 Active Shielding System
The active shielding system is used to select events with energy deposition in the SDDs which
are not in coincidence with incoming cosmic rays or environmental background. These kinds
of radiation can, on one hand, cause secondary radiation inside the setup box, through
scattering effects. On the other hand, they can ionize electrons from the 1s orbital of copper
atoms, which leads to an electronic X-ray transition to the K-shell. Both these effects can
cause events in the SDDs, which are in the interesting energy region of around 8 keV. Events
caused by these effects are not connected to non-Paulian 2p to 1s transitions, which means
they are background. Consequently X-rays recorded in the SDDs which are in coincidence
with events in the active shielding system are excluded from the data analysis.
The veto system consists of 32 plastic scintillators of the type EJ-200 read out by pairs
of Silicon Photomultipliers on one end. The SiPMs have an active area of 3x3 mm2 each.
The scintillators have the dimension of 38 mm x 40 mm x 250 mm and they cover a solid
angle of over 90 % with respect to the copper target [8] (see also figure 2). To improve the
light collection efficiency, the scintillators are wrapped in aluminium foil and then in black
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tape. This configuration of wrapped EJ-200 plastic scintillators read out on one end by two
SiPMs was tested regarding the detection efficiency and the time resolution at the Beam Test
Factory (BTF) at LNF-INFN. BTF-LNF delivers electrons or positrons with a momentum
of 500 MeV/c. A scheme of the test setup is shown in figure 3. The detection efficiency for
Figure 3: Scintillator and SiPM test setup scheme at the Beam Test Factory at LNF-INFN.
this kind of radiation was measured for two scintillators simultaneously. The impact point
of the beam was varied from the scintillator side near to the SiPM readout to the far side
of the SiPM readout. The trigger was made by an “AND” of the entrance detector and the
calorimeter. To get the detection efficiency, the number of scintillator signals was compared
to the number of triggers. For all impact points, the efficiency was found to be higher than
97,5 %. With the same configuration, the scintillator time resolution was measured. It
was found that the scintillator timing has a spread of 3 ns (FWHM) with respect to the
calorimeter timing. The goal is to reduce the background in the energy region of interest by
around one order of magnitude with the help of the active shielding.
3.2 Silicon Drift Detectors
Two chips of three cells of Silicon Drift Detectors (SDDs) with 100 mm2 active area each
are used in the VIP2 experiment to detect X-ray photons in the energy range from a few
hundred eV to around 20 keV. The two chips are located on either side close to the copper
target in order to cover as much solid angle as possible. The SDDs are cooled down to a
working temperature of around 100 K by a liquid argon system.
When the radiation hits the SDDs, a certain number of electrons is created, which depends
on the energy and the kind of the incident radiation. The electrons are guided to an anode,
where they are collected and used to measure the energy of the X-ray. An advantage of using
SDDs is that they provide not only energy information about the radiation, but also timing
information. This enables the rejection of events which are in coincidence with scintillator
events of the active shielding system. The proof that this is possible was obtained with
cosmic ray triggers. The SDDs were put into the setup (see figure 2) and the SDD timing
was recorded with respect to the triggers from the scintillators. The results are shown in
figure 4. The time resolution of the SDDs was found to be around 400 ns (FWHM) in this
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Figure 4: Timing of the SDD events with respect to the scintillator timing at t = 0 ns (left).
Energy spectrum of one SDD with a fit for calibration (right).
test. Taking into account the scintillator trigger rate of around 10 Hz in the laboratory
at Stefan Meyer Institute, this time resolution is enough to discard SDD events caused by
background events.
The energy resolution was tested in the laboratory at SMI. For this purpose, the SDDs
were irradiated with a 10 µCu Fe-55 source through a titanium calibration foil. The Ti-
Kα and the Mn-Kα line were used to calibrate the spectrum and to calculate the energy
resolution at 6 keV (Mn-Kα line). The resolution ranged from 140 eV to 160 eV for the
six tested SDDs. As an example, a spectrum which was used for the calibration of one of
the SDDs is shown on the right side of figure 4. Apart from the Ti and Mn K-lines, the
Cu K-lines are visible, which come from K-shell ionization through cosmic rays or radiation
from the surroundings and subsequent recombination.
VIP2 will improve the limit for the violation of the PEP by two orders of magnitude
compared to the VIP result.
4 Outlook
In autumn 2015, the experiment was transported to the underground laboratory INFN-LNGS
in Gran Sasso, where the background will be further reduced compared to the laboratory at
SMI. After implementing the setup and completing stability checks in the new environment,
a long term data taking of 2-3 years will start. All the mentioned successful tests make
us confident to achieve an improvement of the limit of the PEP violation by two orders of
magnitude, or discover a PEP violation, after this data taking period.
6
Acknowledgement We want to thank H. Schneider, L. Stohwasser and D. Stu¨ckler from
the Stefan Meyer Institute for their important contributions for the design and the construction
of the VIP2 setup and the staff of the INFN-LNGS laboratory for the support during all phases
of the experiment. We acknowledge the support from the: HadronPhysics FP6 (506078), Hadron-
Physics2 FP7 (227431), HadronPhysics3 (283286) projects, EU COST Action 1006 (Fundamental
Problems in Quantum Physics), Austrian Science Fund (FWF), which supports the VIP2 project
with the grants P25529-N20 and W1252-N27 (doctoral college particles and interactions), Centro
Fermi (project: Open problems in quantum mechanics). Furthermore, this paper was made possible
through the support of a grant from the John Templeton Foundation (ID 581589). The opinions
expressed in this publication are those of the authors and do not necessarily reflect the views of
the John Templeton Foundation.
References
[1] Pauli, W.: Z. Phys. 31, 765 (1925)
[2] Feynman, R. et al.: The Feynman Lectures on Physics (1963)
[3] Bernabei, R. et al.: New search for processes violating the Pauli exclusion principle in
sodium and in iodine, Eur. Phys. J. C 62, 327 (2009)
[4] Messiah, A.M.I., Greenberg, O.W.: Phys. Rev. 136, B 248 (1964)
[5] Curceanu, C. et al.: J. Phys. 306, 012036 (2011)
[6] Curceanu, C. et al.: J. Phys. Conf Ser. 361, 012006 (2012)
[7] Marton, J. et al.: J. Phys. Conf. Ser. 447, 012070 (2013)
[8] Curceanu, C. et al.: J. Phys. Conf. Ser. 626, 012027 (2015)
7
